Equal channel angular pressing (ECAP) is so far the most viable severe plastic deformation procedure to extrude material by using specially designed channel dies without any substantial changes in geometry and to prepare an ultrafine grained material. Magnesium is the lightest of all structural metallic materials, but a typical hard-to-deform metallic material due to its HCP structure and associated slip systems. ECAP has been applied for a processing method of severe plastic deformation to achieve grain refinement of magnesium and to enhance it's low ductility. In particular, we investigated the deformation and fracture behavior of pure magnesium workpiece using experimental and numerical methods. The finite element method with different ductile fracture models was employed to simulate plastic deformation and fracture behavior of the workpiece.
Introduction
Severe plastic deformation (SPD) processed metallic materials show unique physical and mechanical properties because of their ultrafine grained microstructure. [1] [2] [3] Among many SPD processes, the equal channel angular pressing (ECAP) process is so far the most viable forming process to extrude materials by using specially designed channel dies without any substantial changes in geometry and to produce an ultrafine grained metallic material. Today, various original modified ECAP techniques are emerging from the domain of laboratory scale into commercial production of various ultrafine gained materials.
Magnesium is the lightest element of all structural metal materials: one-quarter the density of iron and about twothirds the density of aluminum. [4] [5] [6] The alloy's light weight, flexibility, strength and other features mean it has a wide range of potential applications in electronic devices and automotive parts. However, magnesium is a typical hard-todeform metallic material due to its HCP structure and a associated small number of slip systems. Hence, investigating fracture behavior during the plastic deformation processing of magnesium and finding out strategies of preventing the defects of magnesium workpieces are meaningful to accelerate practical industrial applications of magnesium.
In the present study, we employed ECAP as a processing method of SPD for grain refinement of pure magnesium. Especially, we investigated the deformation and fracture behavior of magnesium workpiece using experimental and numerical methods. The finite element method (FEM) has been successfully employed for simulation of ECAP process. [7] [8] [9] [10] [11] [12] The finite element method (FEM) analyses with two ductile fracture models were employed to simulate plastic deformation and fracture behavior of the workpiece. A validity of the fracture models for ECAP of magnesium was assessed by comparing their numerical results with experimental ones.
Experimental Procedure and Damage Model
ECAP processing was conducted using a solid die with a channel angle of 90 between the entry and exit channels and corner angle of 0 at the pressing speed of 1 mm/s with a mixture of graphites and grease lubricants. It has been theoretically shown that the effective strain generated by a single pass of ECAP through this die is about one.
The stress vs. strain curve of pure magnesium was measured by compressive testing of cylindrical samples at room temperature until fracture occurs. By measuring the areas below the stress-strain curves obtained, critical damage factor values of the Cockloft-Latham model and the stress ratio model at room temperature were determined.
The measured damage factors can be used to predict fracture behavior in cold metal forming operations. In this study, two damage factor models 13) were considered; Cockroft-Latham model and critical stress ratio model. The damage factor within the workpiece increases as a material is plastically deformed. Fracture occurs when the damage factor has reached its critical value. The critical value of the damage factor needs to be determined through physical experiments. The Cockroft-Latham damage factor D f ;CÀL is defined as eq. (1) where Ã is the tensile maximum principal stress and " is the effective strain increment.
For the stress ratio model, the damage factor D f ;SR is defined as eq. (2).
where e is effective stress and m is mean stress. The details of the fracture models can be found in Ref. 14) . It should be noted that the damage factor in the stress ration model is not an accumulated but instantaneous form.
Finite Element Analysis
The isothermal two dimensional plane-strain FEM simulations for the ECAP process were performed using the commercial rigid plastic finite element code, DEFORM2D. 7) In the simulations, the simple model die has the geometry of 10 Â 10 Â 60 mm 3 , channel angle È ¼ 90 and corner angle É ¼ 0 , see Fig. 1 for definitions of geometric parameters. A constant ram speed of 1 mm/s was imposed. All simulations used automatic remeshing to accommodate large strains and the occurrence of flow localization during the simulation. The friction factor m between the channel inside and specimen was assumed to be m ¼ 0:1, which is a typical value in cold metal forming. The computation used 2400 four-node isoparametric elements. The time of a calculation was less than 60 min on a power PC machine.
Fracture behavior of the magnesium workpiece was also simulated using two ductile fracture criteria; stress ratio model and Cockloft-Latham model. The simulated fracture phenomenon was compared with the experimental ones. In order to determine a valid model between the CockroftLatham and stress ratio models, calculations without considering fracture models were performed first. After examining distributions of the damage value in each model, a valid damage model was selected and the second FEM simulation was performed by considering the valid fracture model.
Results and Discussion
Figure 2 is experimental compressive stress vs. strain curves of pure magnesium at room temperature. The flow curve was measured for two purposes; to obtain data for FEM simulations and to extract damage factors. From the area below the stress-strain curve the Cockroft-Latham critical damage factor value is 3.86 MPa, and the stress ratio critical damage value is 0.9.
After the first FEM simulation of ECAP without considering the fracture model, in order to determine a valid fracture model between the Cockroft-Latham and stress ratio models, the damage distributions of the Cockroft-Latham model and the stress ratio model were shown in Figs. 3(a) and 3(b), respectively. It is clear that the damage distributions are very different in the two models. Higher CockroftLatham damage value within the workpiece was generated in a little bottom part of the inside region than in the outside region, see Fig. 3(a) . On the other hand, damage value within the workpiece of the stress ration model is highest on the top surface region of the workpiece as shown in Fig. 3(b) . For reference, effective strain was represented in Fig. 3(c) , where maximum value was found at the bottom front and top surface regions. Examining path plots of the two damage values from the top to the bottom of the workpiece in Fig. 4 , the maximum damage of the stress ratio model is developed on the top region, and the maximum damage value of the Cockloft-Latham model is developed at the 7 mm from the top. The distributions of the damage in the stress ratio model and the effective strain are similar, in that the high values appear in the upper surface regions.
A valid fracture model in the ECAP processing of pure magnesium should be determined by comparing the maximum damage areas with the position of the experimental fracture. Hence, fracture pictures generated in the ECAP of magnesium were shown in Figs. 5(a) and (b) The two cases of magnesium done by different research groups (the present authors and Ref. 8)) represent the same fracture characteristic; fracture starts and develops along the shear direction from the top surface of the workpiece. Therefore, it can be confirmed that the stress ratio model is valid in case of ECAP of magnesium. It should be noted that the fracture character- istics depend on materials and deformation modes during plastic deformation processing. Examining distributions of the damage value in each model, the valid damage model was selected and the second FEM simulation was performed based on the stress ratio fracture model. Some of the simulated results were shown in Fig. 5(c)-(e) . The deformed geometry is in good agreement with the experimental ones of Figs. 5(a) and (b); repetitive fracture from the upper surface and growth along the shear direction. Once a fracture is generated when damage levels reach the critical value, stress developed until that time is relieved near the fracture region and a new damage is developed with the movement of the workpiece.
Detail mechanics associated with plastic deformation and fracture initiation/growth is underway. With more understanding of the fracture behavior using the present FEM approach, successful conditions for the hard-to-deformation can be systematically searched and processing optimization especially for industrial applications is expected. In order to investigate the reason why the two damage models represent the different damage value distributions, the important stress components ((a) maximum principal stress Ã and mean stress m ) in the models are shown in Fig. 6 . It should be noted that only maximum principal stress Ã and mean stress m are considered in the Cockroft-Latham model and the stress ratio model, respectively. Figure 6 represent that tensile maximum principal stress is high in the bottom region, and mean stress is high in the upper region. ECAP is basically under compressive stress states, and ductile fracture is attributed to positive mean stress, or negative hydrostatic pressure. That is, even if maximum principle stress is positive (i.e. tensile), fracture will be prevented under negative mean stress states (i.e. compressive), which explains the absence of fracture in the bottom region. On the contrary, the upper region receives positive mean stress as shown in Fig. 6(b) , which induces ductile fracture.
Summary
Plastic deformation and fracture behavior of pure magnesium workpiece were investigated using experimental and the theoretical methods. The finite element method incorporated with two ductile fracture models was employed to simulate plastic deformation and fracture behavior of the workpiece during ECAP. The stress ratio model is in better agreement with experimental shapes than the Cockroft-Latham model, showing fracture generated from the top surface. The theoretical approach used in the paper will be useful for the optimum processing design, especially for hard-to-deform materials. ), and simulated results (c-e) of workpiece fracture.
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